An analytical reversed-phase high-performance liquid chromatography (HPLC) method for the detection and quantitative determination of two genotoxic impurities at ppm level present in the vortioxetine manufacturing process is described. Applying the concept of threshold of toxicological concern, a limit of 75 ppm each for both genotoxic impurities was calculated based on the maximum daily dose of active pharmaceutical ingredients. The novel reversed-phase HPLC method with photochemically induced fluorescence detection was developed on XSELECT Charged Surface Hybrid Phenyl-Hexyl column using the mobile phase consisted a mixture of 10 mM ammonium formate pH 3.0 and acetonitrile. The elution was performed using an isocratic composition of 48:52 (v/v) at a flow rate of 1.0 mL/min. The photochemically induced fluorescence detection is based on the use of UV irradiation at 254 nm through measuring the fluorescence intensity at 300 nm and an excitation wavelength of 272 nm to produce fluorescent derivatives of both genotoxic impurities. The online photochemical conversion and detection is easily accomplished for two expected genotoxic impurities and provides a sufficiently low limit detection and quantification for the target analysis.
Introduction
Vortioxetine (VOR) (1-[2-(2,4-dimethyl-phenylsulfanyl)-phenyl]-piperazine)) is a novel investigational antidepressant with multimodal activity. It has high affinity for the 5-HT transporter (5-HTT) and moderate affinity for the 5-HT1A receptor in vitro (1) (2) (3) (4) (5) . Recently, a new synthetic route to VOR starting from commercially available thiol (Figure 1(I) ) and 1-chloro-2-nitrobenzene ( Figure 1(II) ) was developed. The VOR framework is built stepwise employing (i) an aromatic nucleophilic substitution, and (ii) a construction of piperazine moiety using bis(2-chloroethyl)amine hydrochloride (BCEA) as a building block (4) (5) (6) (7) . Thus, the chlorine atom of the derivative (Figure 1(II) ), located in the ortho-position to a strong electron-withdrawing nitro-group, was substituted smoothly with a thiolate-anion generated in situ from the compound (Figure 1(I) ) in the presence of sodium hydroxide (NaOH). This reaction afforded the desired nitrosulfide (Figure 1(III) ) in almost quantitative yield. Subsequently, the nitro-derivative (Figure 1(III) ) was hydrogenated to provide the corresponding aminosulfide (Figure 1(IV) ) in an excellent yield under conditions avoiding any undesirable sidereactions (for instance, a desulfurization). In the last step, the aminosulfide (Figure 1(IV) ) underwent a cyclization reaction with BCEA in the presence of 0.75 equiv. of sodium iodide (NaI) in refluxing toluene to provide highly pure VOR.
The European Medicines Agency (EMA) guideline on the limits of the genotoxic impurities (GTIs) (8) has recommended the use a threshold of toxicological concern (TTC) concept for evaluation of carcinogenicity risk. A TTC was originally developed at the Food and Drug Administration (FDA) for food-contact materials (9) . A TTC allows a maximum intake of 1.5 µg/day of any one genotoxic impurity over a patient's lifetime (9) . The concentration limit of GTIs in drug substances and drug products can be derived based on the maximum daily dose and the TTC concept as follows (8) : concentration limit ( ppm) = [1.5 µg/day]/[dose (g/day)]. While ICH Q3 guidelines provide guidance for qualification and control for the majority of the impurities, ICH M7 guidance is provided for those impurities that are DNA reactive (10) . The second possible approach is to calculate a compoundspecific acceptable intake based on rodent carcinogenicity potency data such as TD 50 value. This procedure is similar to that employed for derivation of the TTC (10) and provides very similar results.
Analytical detection of GTIs at the ppm level is not routine procedure. Traditional pharmaceutical analysis typically deals with impurities at levels above 0.05% (equivalent to 500 ppm), where conventional analytical instrumentation is adequate, such as HPLC with UV detection (11) . HPLC or UHPLC coupled with tandem mass spectrometry (MS-MS) or fluorescence detector has become the method of choice, as demonstrated in the recent literature (12) (13) (14) (15) . The involvement of post-column photochemical reactions in quantitative analyses may be categorized as a form of derivatization. In comparison to chemical derivatization, post-column photochemical reactions offer several advantages, which also function to simplify the adaptation of photochemical reactors into the chromatographic system (16, 17) . The fundamental purpose of incorporating post-column photochemical reactors into a method of detection is to convert the starting analyte to a product, which have to increase the sensitivity and/or selectivity of response of fluorescence (18), ultraviolet (19) , electrochemical (20) and chemiluminescence detectors (21) . Some HPLC methods following on-line post-column photochemical derivatization were applied to the quality control of pharmaceutical drugs and preparations (22) (23) (24) .
The method of hydrophilic interaction liquid chromatography coupled with mass spectrometry detection (HILIC-MS) was developed and validated for determination of BCEA in VOR (25) . The other GTIs in VOR and their methods of determination have not yet been described. The aminosulfide and nitrosulfide ( Figure 1 ) impurities as potential GTIs were predicted to be mutagenic by DEREK Nexus version 2.0 and subsequently confirmed by Ames bacterial mutagenicity test (26) . For VOR with a maximum dose of 20 mg/day maximum concentration limit of GTIs = [(1.5 µg/day)/(0.02 g/day)] is 75 ppm in the drug substance. Since aminosulfide and nitrosulfide impurities were confirmed as genotoxic, the amount of these analytes has to be controlled rigorously in the final drug. The main objective of the current paper is to demonstrate the possibility of using reversed-phase HPLC (RP-HPLC) method with photochemically induced fluorescence (PIF) detection for the analytical control of GTIs in the manufacturing process of VOR.
Experimental

Reagents and chemicals
Acetonitrile HPLC gradient grade and methanol HPLC gradient grade (J.T. Baker, USA) and water purified by Milli-Q system (Merck/Millipore, Czech Republic) were used for preparation of samples, reference solutions and mobile phases. 
Preparation of standard and sample solutions
The standards of VOR (in house standard, purity 99.8%), aminosulfide and nitrosulfide were dissolved in a mixture of acetonitrile-water (1:1, v/v) to obtain standard stock solution (concentration of 1.0 mg/mL). The sample solution of VOR was prepared by diluting of VOR in methanol to obtain final concentration of 4 mg/mL. The reference solutions of aminosulfide and nitrosulfide impurities were prepared by diluting of relevant standard stock solutions to obtain final concentration of 0.3 µg/mL (concentration of 75 ppm with respect to VOR sample solution). The system suitability test solution was prepared by spiking aminosulfide standard stock solution with aminosulfide to obtain concentration of 75 ppm with respect to VOR.
Instrumentation and methods
The system control, data acquisition and processing was accomplished by the Empower software (Waters, USA). All chromatographic experiments were carried out on an Alliance 2695 separation module, PDA detector 2996 and multi fluorescence detector 2475 (Waters, USA). Reversed-phase chromatographic separation (method A) was performed on an XSELECT Charged Surface Hybrid (CSH) Phenyl-Hexyl column; 100 × 4.6 mm, 2.5 µm (Waters, USA). The mobile phase was 48:52 (v/v) aqueous solutions of 10 mM ammonium formate adjusted with formic acid to pH 3.0 and acetonitrile. The mobile phase was prepared by mixing volume to volume of the components. The flow rate was 1.0 mL/min, the injection volume was 20 µL, the column was thermostated at 50°C and the run time was 15 min. The analytes were monitored by fluorescence detector at an excitation wavelength of 272 nm and emission wavelength at 300 nm after photochemical reaction using UVE photochemical reactor (LCTech, Germany), equipped with a 254 nm UV lamp Teflon reaction coil (7.5 m × 0.3 mm; ID; volume 0.5 mL).
Method B was used for structure elucidation of the major photolysis products of aminosulfide and nitrosulfide impurities. All chromatographic experiments were carried out on an Alliance 2695 separation module and multi fluorescence detector 2475 (Waters, USA). Reversed-phase chromatographic separation was performed on an XSELECT CSH Phenyl-Hexyl column; 100 × 4.6 mm, 2.5 µm (Waters, USA). The gradient elution employed solutions A and B as mobile phase components. The mobile phase A contained aqueous solutions of 10 mM ammonium formate adjusted with formic acid to pH 3.0 and mobile phase B was acetonitrile. The flow rate was 1.0 mL/min, the injection volume was 50 µL and the column was thermostated at 50°C. The gradient program was set as follows: time/% mobile phase B: 0/15, 10/70, 10.5/15 with an equilibration time of 2 min which allow reproducible retention times of analytes. The analytes were monitored by fluorescence detector at an excitation wavelength of 272 nm and emission wavelength at 300 nm.
Results
Optimization of RP-HPLC method
The composition of the mobile phase was optimized to achieve the retention factor of the least retained analyte k min ≥ 2.0, and resolution between aminosulfide and nitrosulfide impurities R S ≥ 2.5. To optimize the composition of the mobile phase, UV detection at 245 nm was used. The holdup volume of column used was determined using injection of sodium nitrate. The chromatographic data were calculated in agreement with European Pharmacopoeia (Ph.Eur.) (27). Acceptable retention and resolution between aminosulfide and nitrosulfide impurities was achieved on an XSELECT CSH Phenyl-Hexyl column using isocratic elution of acetonitrile and 10 mM ammonium formate buffer pH 3.0 in the ratio 52:48 (v/v) at a flow rate 1.0 mL/min and temperature of 50°C.
Photochemical reaction and fluorescence detection
It was observed that the UV detection is not sensitive enough to determine these GTIs. UV spectra of investigated GTIs obtained using PDA detector exhibited three maxima at wavelengths of 208, 246 and 305 nm for aminosulfide impurity and five maxima at wavelengths of 202, 227, 242, 276 and 370 nm for nitrosulfide impurity. The aminosulfide and nitrosulfide impurities were found not to be fluorescent. The photochemical reactor allows irradiation of the eluent coming from the analytical column by UV light before it enters the detector. Irradiation of investigated GTIs under HPLC conditions with 254 nm UV light caused significant changes in the UV spectra of these compounds (Figure 2) . Additionally, after irradiation, each impurity was found to be fluorescent (Figure 3) . The excitation and emission wavelengths of the formed photoproducts of aminosulfide impurity and nitrosulfide impurity were determined using scan mode of fluorescence detector. The excitation maximum of each photoproduct was to be found at 272 nm and emission maximum was 300 nm. The use of this approach provides a higher degree of sensitivity and selectivity when compared with UV detection. 
Validation of chromatographic methods
The methods were validated according to ICH Q2(R1) guideline (28) .
System suitability
The system suitability tests were performed before each run to assure that the analytical method could be used with a satisfactory performance (19) . Repeatability of the five consecutive injections expressed as relative standard deviation (RSD %) of peak area of all reference solution was limited to ≤3.0% and resolution between aminosulfide and nitrosulfide impurities in system suitability test solution (method A) was limited to R S ≥ 2.5. For all the measurements performed during the validation, the RSD of peak areas for aminosulfide ≤1.0%, and for nitrosulfide ≤1.2% was achieved. The resolution between aminosulfide and nitrosulfide impurities was >7.0.
Limit of detection, limit of quantification and linearity
Limit of detection (LOD) and limit of quantification (LOQ) were calculated for both impurities based on signal-to-noise ratio (S/N) of 3:1 and 10:1, respectively. The signal-to-noise ratio is calculated from equation: S/N = 2S/h where H is the height of the peak, corresponding to the analyte concerned, in the chromatogram obtained with the prescribed reference solution, h is the peak-to-peak background noise in a chromatogram obtained after injection of a blank solution, observed over a distance equal to 20 times the width at half-height of the peak in the chromatogram obtained. The baseline noise was calculated using chromatographic software. Calculated LOD and LOQ are listed in Table I .
The calibration curves were constructed ranging from LOQ to 200% of the general specification limit (from LOQ to 150 ppm with regard to the concentration of VOR) by plotting the peak area of a given analyte against its concentration. The calibration equations were calculated using linear regression analysis. The parameters of calibration curves are shown in Table I .
Precision and accuracy
Precision was evaluated in terms of repeatability. The precision of GTIs determination was evaluated by analysis of three independent preparations of the five different samples under the same conditions as described above (Preparation of standard and sample solutions). Table II summarized the results of GTIs content in five batches of VOR.
To assess accuracy, VOR was spiked with various known amounts of nitrosulfide and aminosulfide impurities (LOQ, 50, 75 and 100 ppm regarding to the concentration of the VOR). Each concentration level was prepared in triplicate. The determined content (c d ) was compared with the expected one (c e ) using linear regression (c d = a + b × c e ). The parameters of regression equation (significance level P = 0.95) are shown in Table III . The first (a) and second constants (b) were not statistically different from zero and one, respectively.
Method selectivity
Selectivity was confirmed by successfully separating the compound of interest from other components. Furthermore, the method selectivity was established using analysis of blank (sample solvent) and samples spiked with other related impurities. No interfering coeluting peaks in sample solvent were observed which demonstrated an adequate selectivity of HPLC method.
Discussion
Optimization of RP-HPLC method CSH columns were successfully used for pharmaceutical analysis due to improved peak shapes of highly basic analytes under acidic and low ionic strength mobile phase conditions (e.g., 0.1% formic acid). Therefore, this column was chosen for method development (29) .
The separation of VOR and its GTIs was optimized by varying acetonitrile content, the temperature of separation and pH of 10 mM ammonium formate buffer in the mobile phase. Acetonitrile was chosen as the organic modifier due to lower viscosity and higher elution strength in comparison with methanol. Acceptable resolutions of all analytes were achieved with isocratic elution using mobile phase consisting of acetonitrile-10 mM ammonium formate buffer at pH of 3.0 in the ratio 50:50. This composition of the mobile phase was further used for testing the influence of the pH buffer. The pH of aqueous solution of ammonium formate was varied in the range from 2.8 to 4.4 (10 mM, pH adjusted by formic acid). Mobile phase pH in the investigated range had no significant effect on retention (k Aminosulfide = 6.26-6.40) or resolution between aminosulfide and nitrosulfide (R S = 7.8-8.2). The influence of temperature on the retention was investigated in the range from 25 to 50°C. As expected, the increase of temperature resulted in lower retention and higher efficiency and selectivity. The retention and resolution increased from k Aminosulfide = 8.93; R S = 9.37 (at 25°C) to k Aminosulfide = 6.26; R S = 7.85 (at 50°C). In fact, column temperature of 50°C represented a good choice for robust separation insensitive to small temperature variations. Secondly, the lower viscosity was achieved at column temperature of 50°C resulting in lower system backpressure (13.8 MPa) compared with column temperature of 25°C (system backpressure of 18.6 MPa).
Photochemical reaction and fluorescence detection
Due to the on-line nature of the derivatization, longer resident (irradiation) times of the eluted analytes in the derivatization coil could result in photochemical destruction of the photoproducts, while shorter resident times could result in incomplete conversion of the analytes (30, 31) . The influence of the resident time on photoconversion yield was determined by injecting a reference solution of aminosulfide and nitrosulfide impurities at varying flow rates (from 0.6 to 1.4 mL/min). The peak area of aminosulfide and nitrosulfide impurities increased linearly with decreasing flow rate (Figure 4) . Because the response of concentration detectors (peak area) depends on mass flow rate of mobile phase, the peak areas were normalized to flow rate of 1 mL/min. It was found that the flow rate did not have a significant effect on photolysis yield (Figure 4) . A flow rate of 1.0 mL/min was selected and under these conditions investigated GTIs were eluted in <12 min, as shown in Figure 3 . In the liquid phase, the photolysis yield can strongly depend on solution pH (32) . Figure 5 shows the effect of the mobile phase pH in the range from 2.6 to 4.4 on the fluorescence response. For both GTIs the maximum response was observed in the range pH from 2.6 to 3.2, and pH 3.0 of mobile phase was adopted. The fluorescence response for aminosulfide impurity showed minimal dependence on mobile phase pH. In the case of nitrosulfide impurity the response strongly decreased as the pH value was lowered.
The major possible photoconversion product of aminosulfide and nitrosulfide impurities was isolated using described chromatographic method A followed by the photoconversion of a 0.3 mg/mL solution. The solutions of aminosulfide and nitrosulfide impurities were injected into the chromatographic column and the fractions of relevant analytes were repeatedly collected and combined. The combined fractions were evaporated under vacuum at 50°C to half volume and this solution was injected into chromatographic column. HPLC analysis (method B) of the irradiated solutions showed five major products for aminosulfide and nitrosulfide impurities as well ( Figure 6 ). No peaks of aminosulfide and nitrosulfide impurities appeared in the chromatograms, which means the photochemical reaction proceeds quantitatively under these conditions and both impurities provided the same photolysis products. Attempts to isolate and identify the major photoconversion products observed in the chromatogram of the irradiated solution failed, most likely due to the labile nature of these compounds.
Validation of chromatographic methods
LOD, LOQ and linearity
The calculated LOD and LOQ values were below the demanded limit, which was 75 ppm (see Table I ), and also showed that the detection provided suitable sensitivity for determination of GTIs impurities. The linearity of the calibration curves were investigated using other statistical approaches such as the quality coefficient QC (33) . If the quality coefficient QC fulfilled the criterion QC <5%, the linearity of calibration model was demonstrated (see Table I ). The calculated parameters of calibration curve indicated a satisfactory linearity.
Precision and accuracy
The precision in terms of repeatability was expressed as %RSD and it was <4.5% which demonstrated good precision as shown in Table II . Based on the statistical evaluation (Table III) can be concluded that the analytical method gave accurate results.
Method selectivity
The use of PIF detection together with the retention time is the widely accepted criterion for selectivity. 
